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Polarization-Resolved Near- and Far-Field Radiation
from Near-Infrared Tilted Fiber Bragg Gratings
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Abstract—The radiation pattern of near-infrared light from 10◦
tilted fiber Bragg gratings is measured as a function of position
along the grating, azimuthal direction, and input light polariza-
tion. An anomalous spatial periodicity in the radiation pattern is
found and assigned to the presence of imperfect zero-order nulling
and on the uncertainty in the exact alignment between the optical
fiber and the phase mask used to form the grating. Furthermore,
the intensity of the radiated light is correlated with the transmis-
sion spectrum of the tilted grating, showing narrowband spectral
regions of increased and decreased radiation.
Index Terms—Polarization, radiation, tilted fiber Bragg gratings
(TFBGs).
I. INTRODUCTION
T ILTED fiber Bragg gratings (TFBGs) are inherently capa-ble of coupling light out of a fiber in a highly directional
fashion. In addition, unlike fiber Bragg gratings, the coupling of
light out of a fiber by a TFBG can be strongly polarization depen-
dent and azimuthally non-uniform, leading to many applications
such as in-line fiber-grating spectrometers [1], [2], polarime-
ters [3]–[5], twist sensors [6]–[8], fiber polarizers [9], [10], and
so on.
Recently, a number of theoretical and experimental studies
on the TFBG cladding and radiation coupling were carried
out [11]–[19]. For modeling methods, two of the most rel-
evant model theories are the coupled mode theory [11]–[14]
and the volume current method [15], [16]. Experiments show-
ing coupling to radiation modes by TFBGs were also reported
[17]–[19]. It is clear from these prior results that the radia-
tion patterns from TFBGs depend strongly on phase-matching
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Fig. 1. Schematic diagram of the experimental setup.
conditions and polarization state. In most of the theoretical sim-
ulations and experiments reported so far, the field patterns are
analyzed in the far-field of the TFBG, considered as a point
source centered on the grating.
In the experiments reported here, the radiation from the core–
cladding interface of the TFBG as a function of position along
the grating is measured with a near-infrared (NIR) CCD camera
integrated with a microscope. The observed radiation from the
fiber core shows a strong periodicity along the grating length,
as well as a curious spectral correlation with the transmission
spectrum of the TFBG. The polarization dependence of these
effects is also reported and discussed theoretically.
II. EXPERIMENTS
TFBGs were prepared in the standard fashion using the setups
described in [20]. In short, hydrogen-loaded CORNING SMF-
28 fiber was exposed to pulsed excimer laser light at 248 nm
through a phase mask. The fiber-phase mask assembly was ro-
tated in the plane of incidence to yield grating planes tilted by 10◦
relative to the fiber axis. The effective grating period (projected
along the axis of the fiber) was 556.6 nm and the grating length
10 mm. After writing, the gratings were stabilized thermally
and the remaining hydrogen diffused out. As shown in Fig. 1, a
broadband source (C+L band BBS, JDS Uniphase) coupled to a
polarization controller (PC) (JDS Uniphase, PR2000) was used
to launch linearly polarized light into a fiber with a TFBG.
The transmitted light was measured by an optical spectrum
analyzer (AQ6317B, ANDO) to reveal polarization selective
spectra. In particular, by looking for extremals in the TFBG
spectral response as a function of the input state of polariza-
tion, precise S- and P-polarized input light (relative to the tilt
plane of the grating, S and P denote tangential and normal to the
cladding surface, respectively) were generated at the TFBG [20].
The infrared scattered radiation from the gratings was imaged
by IR CCD camera (Sensors Unlimited, Goodrich) connected
to a microscope with a 20X, 0.50NA objective. The images
were captured by a computer through a National Instruments
PCI-1405 Frame grabber. As long as the camera is not satu-
rated, the pixel value extracted from the camera by the frame
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Fig. 2. (a) Microscope NIR image of the light emission from the core-cladding
interface a 10 mm-long 10◦ TFBG (Note: the vertical and horizontal scaling
of the image are different to allow showing the full grating length); (b) The
intensity profile along the fiber axis.
grabber is linearly proportional to the light intensity, in arbitrary
units (converted to decibel scales on some figures).
The use of a full PC instead of just a polarizer allows for
the preparation of arbitrary polarization states at the fiber input,
which can compensate for any change of polarization state in-
duced by fiber loops and twists in the optical path leading to
the TFBG (thereby, ensuring “clean” linear polarization states
at the entrance of the TFBG.). Since the light detection system
was not spectrally selective, in order to study the wavelength
dependence of the emitted radiation an alternative light source
was used: A tunable laser (TLS, HP 8164A). The TFBG was
fixed on a three-axis displacement platform equipped with ro-
tatable mounts so that the two fixed ends of the TFBG could be
rotated simultaneously by any angle. This setup allows for the
complete characterization of the spatial distribution of the light
emission along the full length of the TFBG.
III. RESULTS
A typical IR image of the emission of broadband light
(1520–1610 nm) from the TFBG is shown in Fig. 2(a) (sim-
ilar images were obtained at a single emission wavelength from
the tunable laser, and therefore they are not due to multiwave-
length interference.). The light clearly originates from the center
(core) of the optical fiber. The top and bottom bright lines in
the image correspond to the fiber cladding boundaries, which
are illuminated from the side to provide the reference location
information for the emitted radiation. The measured intensity
shows an unexpected periodicity (apparent beating) which was
determined to have a 2 mm period, obtained by profiling the
intensity of the image along the fiber core as shown in Fig. 2(b).
For this 10 mm-long, 10◦ tilt TFBG, there are five periods that
are stable in space and time, but change in peak intensity as
the polarization state is rotated from S- to P-polarized. Outside
of the grating area, no radiation was observed (thereby, ruling
out random scattering from the core-cladding interface as the
source of the light observed.).
The angular distribution of the radiation is shown in Fig. 3
and the A, B, C, and D directional references around the fiber
cross section are indicated in Fig. 4(a). BD direction denotes
the UV light inscribing direction (above and below the grating),
Fig. 3. Total radiated power for S- and P-light as a function of azimuthal
angle. (a) Light incident from the left; (b) Light incident from the right.
Fig. 4. (a) Orientation of orthogonal A, B, C, and D positions around the fiber,
(b) Intensity distributions toward four directions versus input polarization state
(0 degrees corresponds to S-polarization).
while AC direction is perpendicular to the UV light inscribing
direction. It can be seen that the S-polarized light has maxima
in positions B and D, and nulls on either side of the grating (A
and C). The magnitude of the maxima at B and D depend on
the direction of the incoming light through the grating, being
strongest toward the “natural” reflection off the tilted planes. On
the other hand, the radiation from P-polarized light is maximum
and symmetric toward A and C, and near to zero toward B and D.
The same information can be extracted from measurements at
fixed orientations relative to the fiber cross section, and from one
input direction only, but with a rotation of the input polarization
state as shown in Fig. 4(b).
The results presented so far illustrate the broadband prop-
erties of the IR emission from the grating, but the TFBG is a
highly resonant structure with a large number of strong and
narrow spectral features in its transmission spectrum. It is,
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Fig. 5. Radiated power as a function of tunable laser wavelength (red circles)
with unpolarized transmission spectrum (blue lines).
therefore, interesting to correlate the IR radiation out of the fiber
to the measurement of the spectral transmission of the TFBG. As
shown in Fig. 5 for polarized incident light at individual wave-
lengths from the tunable laser, but oriented at an arbitrary angle
between S- and P-polarization, the intensity of the IR radiation
is as highly structured, spectrally, as the grating transmission.
Furthermore, the intensity generally follows the envelope of the
transmission spectrum resonances, at least at short wavelengths.
In order to elucidate this behavior, a more detailed investigation
of the correlation between radiation at right angle out of the
fiber and transmission for two groups of resonances near the
maximum of the response (1550 nm) is shown in Fig. 6.
Several features are notable on Fig. 6. The NIR emission is
generally broadband and relatively flat except for two spectral
regions relative to the transmission spectrum. First, when the
P- (or S-) input light is at a wavelength, where coupling to a
cladding mode occurs for this polarization state (i.e., a dip in the
transmission spectrum), the IR emission decreases considerably.
Second, for both polarization states there exists a peak in the
measured radiated intensity on the short wavelength edge of the
corresponding transmission resonance.
IV. DISCUSSION
The beating patterns observed in Fig. 2 cannot be due to scat-
tering from the core–cladding interface because they only occur
in the region where the TFBG is written, and furthermore, be-
cause the fiber core is single mode at these wavelengths, and
therefore, cannot support two different beating modes. These
patterns are also not due to scattering from cladding modes
because they occur even when the transmission spectra show
no cladding mode coupling (see Fig. 6). It is quite the oppo-
site in fact because when the transmission spectra show strong
coupling to a cladding guided mode the radiation disappears,
indicating that no radiation comes from cladding-guided light.
Therefore, the radiation patterns observed here must originate
from the fiber core and be emitted at a large enough angle from
the fiber axis to escape the cladding in the near perpendicular
direction. For this to occur, a periodicity at approximately twice
the Bragg period must be present in the fiber. It turns out that
for fiber Bragg gratings written with an excimer laser and the
Fig. 6. Intensities of the IR emission overlaid with transmission spectra mea-
sured under unpolarized, P-, and S-polarized light: (a) Radiation toward A from
P-polarized input; (b) Radiation toward B from S-polarized input.
phase mask technique, imperfect zero-order nulling leads to the
formation of two superimposed gratings in the fiber, one at half
the mask period Λm /2 (the Bragg period) and another at the
mask period Λm (corrected for tilt angle of course) [21], [22].
Phase matching indicates that it is the grating at Λm , which
causes coupling of the incident core mode into the continuum
of radiative modes emitted at nearly right angles to the fiber axis.
In that case, the observed beating with a 2-mm period could be
explained if two such radiative modes were emitted at slightly
different angles, collected by the large numerical aperture lens,
and thus, allowed to form a stable interference pattern on the
image plane. The existence of two slightly different gratings at
periods near Λm is actually a phenomenon recently discovered
by Tarnowski and Urbanczyk [23] when there is a slight angular
misalignment between the fiber and phase mask. They obtained
a formula to relate the splitting of the Λm grating by an an-
gular offset ϕ between fiber and phase mask into two gratings
(Λ+andΛ−) as follows:
Λ+ =
Λm
cosϕ + κsinϕ
(1)
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Λ− =
Λm
cosϕ− κsinϕ (2)
κ =
Λm
λUV
−
√(
Λm
λUV
)2
− 1 (3)
and λU V is the free-space wavelength of the laser beam used to
write the grating (248 nm here). With an effective mask period
of 1113.2 nm, the value of κ for our system is 0.1128.
These two gratings have equal index modulation and give
rise to two groups of continuum radiative modes that are emit-
ted with a slight angular difference. The phase matching condi-
tion between the incident mode wave-vector (βi = 2πNeﬀ/λ,
where λ is the wavelength of the guided light (1550 nm) and
Neﬀ is equal to the effective index of the core mode at these
wavelengths or 1.4472) enables the calculation of the radiating
angles of the two beams emitted:
βi − 2πΛ(+/−) = β
(+/−) (4)
where β( + /−) refers to the axial component of the radiative
mode (associated with Λ+andΛ−, respectively), which is con-
served across the interfaces because of Snell’s law and allows to
calculate the angle of radiation θ relative to the fiber axis [24]:
β(+/−) =
2π
λ
cos(θ(+/−)). (5)
Finally, the spatial radiation pattern arising from the two beam
superposition will include the following expression:
E (r) = A
[
cos
(
β+z + k+x x + k
+
y y
)
+ cos
(
β−z + k−x x + k
−
y y
)]
. (6)
Without loss of generality, looking at the radiation in the
x–z plane and choosing the core–cladding interface at the y =
0 position, the intensity pattern will have the following axial
dependence:
I (z) = 4A2
(
cos
[
(β+ + β−) z
2
]
∗ cos
[
(β+ − β−) z
2
])2
= 2A2 cos2
[
(β+ + β−) z
2
]
∗ (1 + cos [(β+ − β−) z]) .
(7)
Therefore, the radiated intensity is modulated by an envelope
that varies as the cosine squared of the difference of the ax-
ial components of the radiated beams (divided by 2), and will
therefore, show a periodicity of:
Λobs =
2π
(β+ − β−) . (8)
These formulas reveal that the 2-mm period observed in the
radiated pattern at its source (the core) comes from a difference
of 0.00314mm−1 in the axial components of the radiated wave-
vectors, which corresponds to an angular divergence of about
0.04◦. Such difference can be traced back [through Eqns. (1)–
(4)] to a misalignment between the fiber and phase mask of
0.14◦, well below the positioning accuracy of conventional FBG
Fig. 7. The far-field radiation pattern of the 10◦ TFBG in the direction parallel
with the fiber axis (The experimental setup is the same as Fig. 1, but without
the lens and the distance between the NIR-CCD and the TFBG is 25 cm.).
writing tools. It is worth noting that the difference in wave-
vectors would yield a wavelength splitting of less than 1 pm
in the transmission spectra, a difference that is too small for
the resolution of our measurement systems. A possible further
consequence of the formation of this dual grating at periods near
Λm is the presence of the sharp narrowband peak in radiated
mode intensity observed on the short wavelength edge of the
transmission spectrum for each polarization state. However, it
has not been possible to find a coherent set of equations in
support of this hypothesis.
In [22], [23], the splitting of the Λm was confirmed by the
observation of dual Bragg grating peaks at half the fundamental
Bragg wavelength, and also in some cases by a splitting of the
fundamental Bragg peak. Here, we observe this effect as an un-
desirable spatial periodicity in the source field of the radiation
from fiber grating taps. An important consequence is that the far
field pattern from such spatially periodic source becomes multi-
lobed in the direction parallel with the fiber axis (as shown in
Fig. 7 for the far field pattern obtained with the camera when
the imaging system is removed) and may reduce the usefulness
of such taps as spectral monitors or as wavelength-agile light
emitters [1], [2]. For such applications, extra care will have to
be taken to ensure the perfect alignment of the fiber to the phase
mask. On the other hand, the presence of sharp narrowband
radiation peaks that are well correlated with the transmission
spectrum of the grating for two well-defined input polarization
states could lead to new applications for narrowband polarized
fiber grating light emitters. Finally, from all the other aspects of
radiative grating out-couplers, especially the azimuthal distri-
bution of the radiated light in terms of the polarization state of
the incoming core guided light and the azimuthal angle relative
to the tilt plane, these dual Λm gratings behave as indicated
by previous theory and experiment [11]–[19], corresponding to
dipole-like sources. This property can be then used to locate the
orientation of the tilt plane of fabricated tilted FBGs.
V. CONCLUSION
In conclusion, the out of plane emission of NIR light from
a 10◦ TFBG was observed by an IR CCD camera coupled to a
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microscope focused at the core–cladding interface. At wave-
lengths near 1550 nm and an effective grating periodicity of
556.6 nm in the core of the fiber, phase matching indicates that
no light should couple out. However, the effect of imperfect
zero-order nulling of the phase mask used to write the grat-
ing leads to the formation of a pair of almost identical in-fiber
gratings at twice the effective periodicity. Phase matching of
the incoming core mode to these additional gratings couples
light to radiative beams at nearly right angle to the fiber axis.
The radiative patterns were fully characterized in terms of az-
imuthal direction and input polarization state relative to the tilt
plane direction. The presence of two nearly collinear radiated
patterns lead to the appearance of an anomalous spatial period-
icity along the fiber axial direction was assigned to an alignment
error of the order of 0.14◦ between the phase mask and fiber.
Finally, correlations between the polarization-resolved spectra
of the radiated light patterns and of the transmission through
the fiber grating revealed that radiation disappears when the
TFBG couples strongly to a cladding guided mode, and also
becomes stronger (by 2–4 dB) at very specific wavelengths that
are located on the short wavelength edge of the cladding mode
resonances. These findings are important for the accurate design
of various kinds of optical fiber grating taps for applications as
in-line fiber-grating spectrometers, polarimeters, polarizers, and
so on.
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